A novel Bayesian drug dosing program (Abbott Pharmacokinetic Systems, Theophylline Program) was evaluated. The predictive accuracy of this method was assessed in 10 healthy volunteers receiving single intravenous test doses. Estimates for clearance and distribution volume were compared with those obtained from the area under the curve. The observed prediction error depended largely on sampling time. The deviations were lowest for the distribution volume during the first 60 min and for clearance at 12 hours after theophylline administration. Furthermore the Bayesian technique was prospectively evaluated in 10 hospitalized and 22 outpatients treated with sustained-release theophylline preparations (Uniphyllin, Bronchoretard, PulmiDur). Predictive precision and accuracy were adequate, if theophylline was given twice daily. The highest predictive accuracy was achieved in outpatients, if predictions were based on trough concentrations. In 19/22 outpatients prediction errors were within a clinically acceptable range (mean prediction error + standard deviation; -0.6 ± 2.1 mg/1). Moreover in hospitalized patients (n = 5) with twice-daily maintenance regimens, concentration-time curves could mainly be predicted with sufficient accuracy. Hospitalized patients (n = 5) with once-daily dosing showed large fluctuations between peak and trough theophylline concentrations in serum. In these patients a reliable prediction of the concentration-time curves was not possible apparently due to non-linearity of theophylline kinetics. Relatively large prediction errors were found in one patient with acute viral respiratory illness and 3 patients with altered absorption. Despite certain limitations the clinical application of the Bayesian forecasting method tested appears to be promising.
Introduction
clearance, attempts to individualize dosage regimens have been made in order to avoid inadequate or toxic Theophylline, which is frequently used in the treat^ senjm concentrations of 8 drug . ment of reversible obstructive airways disease, shows a low toxic/therapeutic ratio. Since there is wide inter-The frequency distribution of theophylline values in and intraindividual variability (1) in theophylline patients treated in our hospital during the years 1978 --^_^_ to 1986 cieary indicates the difficulty of achieving the *) Preliminary results of this study were presented at the Sym-optimal dose for this drug ( fig. 1 ). Only about 37 to posium Klinisch-Toxikologische Analytik in Salzburg 1987 54 per cent of the theophylline concentrations deter- tions in the subtherapeutic range is noteworthy. In these patients pharmacokinetic dose prediction methods were not routinely used for individual dosage adjustment.
Usually theophylline serum concentrations from therapeutic drug monitoring are only used in a "trial and error" fashion to optimize the patients dosage regimen. A more rapid and effective way of individualizing theophylline dosage is to use appropiate pharmacokinetic methods for dose prediction (2 -9) . The Bayesian approach combines a priori information on population distribution of pharmacokinetic parameters with data on one or more actually measured serum theophylline concentrations in estimating the individual patient's clearance and distribution volume (2, 8) .
This prospective study was designed to evaluate the performance of a novel Bayesi&n dosage prediction method (Abbott Pharmacokinetic Systems; Theophylline Program) in outpatients and hospitalized patients with obstructive respiratory disease. Moreover, the predictive accuracy of this method for estimating clearance and distribution volume was tested with data from healthy volunteers.
Study Design
The pharmacokinetics of theophylline were studied in 10 healthy volunteers and in 10 hospitalized and 22 outpatients with obstructive respiratory disease (tab. 1). The healthy lest subjects and the patients gave informed consent to voluntary participation in the study.
In normal subjects clearance and distribution volume were estimated with a Bayesian method (Appendix) using theophylline concentrations obtained after a single test dose as described below. In addition, for comparison purposes, clearance and distribution volume were calculated from the area under the curve.
The volunteers (tab. 1) were administered 42.7 ml theophylline ethylenediamine solution (= 300 mg theophylline, EuphyllinTropfl sung Byk Gulden, Konstanz, F. R. G.) by timed constant rate infusion over 20 min. Between 0.25 h and 12 h after the end of the infusion, theophylline serum concentrations were determined. For each of the serum concentrations, clearance and distribution volume were predicted by use of the Bayesian method. Moreover, in all subjects, these parameters were estimated from theophylline levels determined at 0.25 and 12 h after drug administration, as well as from all the measured concentrations. A total of 14 estimates of clearance and distribution volume were obtained for each subject. Prediction error was calculated by subtraction of clearance (distribution volume) determined by the area under curve (AUC) method from the corresponding predicted value ( fig. 2, 3 ). Percental deviation was calculated as described in the Appendix.
In non-smoking outpatients treated at our hospital blood samples for theophylline determination were drawn at steady-state immediately before and l h after administration of the morning dose. With the Bayesian method individual estimates for clearance and distribution volume were obtained using either the trough or the 1-h-post-dose theophylline concentration. Individual dosage regimens were designed to produce theophylline serum concentrations of 8 to 20 mg/l. Favourable patient responses have been reported for theophylline serum concentration in this range (10 siderations (2) the clinically acceptable range for the absolute prediction error was assumed to be half the width of the therapeutic range.
Hospitalized patients with obstructive respiratory disease were administered theophylline (Uniphyllin, Mundiphanna, Limburg, F.R. G.) either as a single evening dose or twice daily (tab. 1). Blood specimens for theophylline determination were drawn during steady-state predose and every 3 h during a dosage interval of 24 or 12 h. Using the Bayesian method, clearance and distribution volume were estimated in each patient from a theophylline predose concentration. In addition, from the observed concentration-time curves, the peak concentration or all theophylline concentrations except the predose value were used to predict the individual clearance and the distribution volume. For each patient concentration-time curves of theophylline were simulated by use of Bayesian estimates for clearance and distribution volume as described in the Appendix. Predictive accuracy and precision were assessed as described above.
Procedure for estimation of pharmacokinetic parameters Pharmacokinetic parameters (clearance and distribution volume) were estimated by use of a novel Bayeaan dosage prediction method (Abbott Pharmacokinetic Systems; Theophylline Program; Abbott Diagnostics, Inc., North Chicago, USA) (see Appendix for predictive algorithm). The Bayesian program required input of patient-specific data (age, sex, weight, height, additional medication, smoking habits, concurrent drug therapy, concomitant diseases), the dosing history and available theophylline serum concentrations.
Patient-specific data are used to identify the subpopulation to which the patient belongs. The subpopulation mean estimates of theophylline clearance can be derived from data collected from various patient populations (1, 11) . Initial subpopulationbased estimates of clearance are generated from an assumed standard clearance of 40 ml · h" 1 · kg" 1 for nonsmoking healthy adults by multiplication with certain factors accounting for specific patient characteristics (U). The mean population distribution volume estimate is set at 0.5 I/kg for all patients (7).
Theophylline serum concentrations resulting from a proposed dosage were simulated with individual estimates for the clearance and the distribution volume, assuming a one compartment open linear model \with first-order absorption. Individual contributions of each dose were taken into account by use of the principle of linear superposition (12) .
For the sustained-release preparations used in our study, the average values for the absorption rate constant and bioavailability are given in table 2. References
The employed Bayesian forecasting program was written in C. It was run on an IBM personal computer XT (512 kb ram) equipped with an Intel 8087 coprocessor, floppy-and hard disk.
The simulations of concentration-time curves ( fig. 6 ) were run on a Hewlett-Packard 41 CV programmable calculator using equation 9 (Appendix). 
Determination of serum theophylline concentrations
Serum theophylline concentrations were measured by a highly specific fluorescence polarisation immunoassay (Abbott Theophylline II reagent pack, Abbott Laboratories, North Chicago, USA) using the TDx Fluorescence Polarisation Immunoassay (FPIA) System according to the instructions of the manufacturer. The lower limit of the measured range was 0.5 mg/1. With this immunoassay the relative standard deviation between days was 3.6% over the mid-part of the measuring range (13, 14) . The performance of the FPIA was constantly checked by internal and external quality control.
Results
The prediction error observed in healthy subjects for Bayesian estimates of clearance and distribution volume is given in figures 2 and 3. As expected, the prediction error depended largely on sampling time. It was lowest for the distribution volume during the first 60 min after intravenous theophylline administration. For clearance, however, the lowest prediction error was observed 12 hours after the end of theophylline infusion. With the Bayesian method, clearance determined from a single theophylline concentration was underestimated on average (median) by 4.2 to 15.7 ml -kg~* · h" 1 (9.7 to 27.8%) depending on sampling time. Conversely, distribution volume was overestimated on average (median) by 0.025 to 0.0951-kg-1 (4.6 to 21.1%).
A° further improvement of clearance prediction was not achieved, if the prediction was tiased on the initial and terminal or on all available theophylline concen-trations. In contrast, the predictive accuracy of the distribution volume was highest when all available theophylline concentrations were used.
The data show that with only two theophylline concentrations taken at the beginning and at the end of the test period a relatively low prediction error can volume. Figure 4 shows the steady-state trough theophylline serum concentrations which were achieved in 22 nonsmoking outpatients using the Bayesi&n method for dose prediction. The twice-daily administered maintenance doses are also shown. Data from one subject with acute viral respiratory illness (tab. With one exception these outpatients showed comparable predicted and observed serum theophylline concentrations. Predictions were either based on a theophylline level determined 1-h-post-dose (column A, fig. 4 ) or on a trough value (column B, fig. 4 ). The mean absolute deviations between predicted and observed concentrations were 14.9% (range: 0.0 -28.9%) and 12.5% (range: 1.3-28.8%) with predictions based on 1-h-post-dose and on trough values respectively. If predictions were based on the trough value (column B), there was no significant difference between the mean value of predicted and measured theophylline concentration (p > 0.05, paired t-test).
With the 1-h-post^dose value, however, the mean value (column A) was significant lower than that of the measured theophylline concentration (p < 0.02, paired t-test). clinically acceptable. Mean values of predicted theophylline serum concentrations were slightly lower than averaged observed concentrations (fig. 4) . The corresponding mean prediction errors were -1.2 mg/1 and -0.6 mg/1 for predictions based on the 1-h-postdose and the trough values, respectively ( fig. 5 ).
As expected, relatively large prediction errors were observed for the two patients excluded from the study because of diarrhoea and viral infection (fig. 5 ). The patient who developed an unexpectedly high theophylline concentration also showed a large prediction error of -6.6 mg/1 and -6.9 mg/1, respectively ( fig. 5 ).
In hospitalized patients, the observed and predicted concentration-time curves of steady-state theophylline serum concentrations were compared ( fig. 6 ). In patients who received a sustained-release theophylline preparation (Uniphyllin) twice-daily, all but one of the observed theophylline concentrations were in good agreement. Prediction error ranged from 2.4 mg/1 to -2.4 mg/1. In patient S.C., who showed a noticeable lag-phase, prediction errors between 4.6 mg/1 and -2.0 mg/1 were found.
If, however, theophylline was given as a single evening dose, a reliable prediction of the subsequent concentration-time curve was not possible. Predictions from trough concentrations resulted in a substantial underestimation of peak concentrations. Prediction errors ranged from 4.8 mg/1 to -5.8 mg/1 in patients without lag-phase. In these cases prediction error tended to decrease during the second half of the dosage interval. In addition, predictive accuracy was tested, using theophylline concentrations of the represented concentration-time curves. If the prediction of the concentration-time curves was based on the observed theophylline peak concentrations, the prediction error was relatively low for peak concentrations (range: -0.2 mg/1 to -2.1 mg/1) and comparatively high for trough concentrations (range: 7.3 mg/1 to 1.6 mg/1). Even if all theophylline concentrations observed after dosage administration were used, predicted and observed concentration-time curves were largely discrepant. In one patient (Sch. H.) an extensive lag-phase occurred, rendering a dosage prediction impossible.
In table 3 Bayesi&n estimates for clearance and distribution volume are shown. In each hospitalized patient receiving theophylline twice-daily, estimates for these parameters were in good agreement irrespective of whether trough, peak or all theophylline concentrations after dose administration were used for prediction. In patients treated with high single evening doses, clearance estimates from trough concentrations were significantly higher than those resulting from peak concentrations. Bayenan estimates for distribution volume obtained by using the trough, the peak or all the theophylline concentrations showed no significant differences.
Discussion
In recent years the use of individualized dosage regimens has gained increasing importance in the long term treatment of asthma with theophylline. The pharmacokinetic variability observed with theophylline makes individual dosage adjustment difficult. Therefore the monitoring of theophylline serum concentrations has become current practice. In addition various methods have been proposed for dosage pre-d iction (2-9, 15, 16) . Single point methods (6, 9, 15, 16) which may be used without a computer have the disadvantage that they can only be used at the very beginning of the treatment.
Our study shows, that the Bayesian approach is more flexible, as it allows dosage predictions at any time during theophylline therapy. However, data from our single dose study ( figs. 2 and 3) and from ambulatory patients with twice-daily maintenance regimens (figs; 4 and 5) demonstrate that the predictive accuracy 26 depends on the time of blood sampling. Serum concentrations taken during the initial distribution period yielded a lower prediction error for distribution volume, whereas concentrations taken during the terminal elimination period resulted in a lower prediction error for clearance ( figs. 2 and 3 ).
An appropiate sampling time must be clinically practicable and ensure a sufficient predictive accuracy. Therefore, outpatients were investigated to ascertain whether the trough or the 1-h-post-dose theophylline concentration would be more convenient. It was found that with the trough theophylline serum concentration a significantly higher predictive accuracy could be obtained than with the 1-h-post-dose value ( fig. 4 and 5) . It appeared not to be reasonable to use both values, since due to the time-dependent weighting of measured theophylline concentrations the Bayesian pharmacokinetic parameter estimates are primarily based on the most recently determined values (8) . It is to be expected that an increased predictive accuracy can be achieved, if a trough concentration in combination with the preceding 1-h-post-dose value of the same dosage interval is used. In outpatients, however, this would not be practical, since the patients would have to return to the clinic.
The results of our study demonstrate that the Bayesian forecasting method permits the prediction of theophylline serum concentrations in outpatients with a clinically acceptable prediction error. This applies, however, only to twice-daily dosage regimens with the sustained-release theophylline preparations used in our study.
Relatively large prediction errors were observed in 3 outpatients, presumbably due to changes in clearance (tab. In hospitalized patients with twice-daily maintenance regimens, the concentration-time curves of theophylline could generally be predicted with sufficient accuracy. Patients with once-daily dosing, however, showed much larger fluctuations between peak and trough theophylline concentrations in serum than those treated with twice-daily doses ( fig. 6 ). In this group of patients, clearance estimates from trough theophylline concentrations were significantly higher than those obtained with peak concentrations (tab.
3). This finding points to a non-linearity of theophylline kinetics in these patients. Also other investigators (17) (18) (19) (20) (21) have observed that the pharmacokinetics of theophylline may be non-linear in certain individuals.
Considering the relatively high evening doses it may be speculated that a saturation of theophylline kinetics occurred. Since dosage regimens with high single daily doses are increasingly used in patients with nocturnal asthma (22, 23) , problems due to dosedependent theophylline kinetics will be encountered more often in clinical practice. 'Therefore caution should be exercised when using drug dosing programs based on linear kinetics for individualization of theophylline therapy.
In a different recent study dealing with once daily dosing, Chrystyn et al. (34) reported on some loss of precision in the prediction of peak theophylline concentrations using Bayesian estimates derived from the 24 h post-dose values. For practical purposes sampling times between 12 and 18 h post dose were suggested by these authors for patients receiving theophylline once daily.
Further problems arise from altered absorption. In two of the 10 hospitalized patients (tab. 1 and fig. 6 : S. C. and Seh. H-) a lag-phase was observed, which, in one of these cases (Sch. H.), rendered an appropriate dosage prediction impossible.
In order to avoid problems arising from dose-dependent theophylline kinetics, Bayesian methods involving Michaelis-Menten kinetics should be developed. Such procedures have already been described for phenytoin (24) (25) (26) .
Furthermore, from theoretical considerations the Bayesian method as used in our study has certain disadvantages. The posterior distribution does not belong to the same class as the prior distribution (i. e. normal distribution). The mode of the distribution can be calculated only approximately with iterative procedures (27, 28) and does not coincide with the mean or median of the distribution. If serum theophylline concentration measurements of an individual patient are used in the posterior distribution, the mode can be considered as the best "estimate" of this individual patient's pharmacokinetic parameters from prior population-specific information and actual drug level measurements. Both disadvantages result from the fact that the pharmacokinetic function is nonlinear in the parameters. An alternative Bayesian approach, which may avoid these problems, has recently been suggested (8) .
The practicability of the Bayesian method tested is acceptable. The time needed to perform a dosage prediction is about 10 to 15 minutes, provided that all necessary data are available.
In conclusion, the clinical application of the tested Bayesian forecasting method appears to be promising. The user of this program, however, must be aware of the discussed limitations.
The denominator h (c) is the "unconditional" distribution (density) of c and is calculated as:
h(c)=Jf(c/p)q(p)dp, where integration is done over the range of p.
The application of this approach to phannacokinetic parameter estimation is straightforeward:
Suppose that in a pharmacokinetic study with an individual (e. for oral application, where pj is a function of the dose,"bioavailability and distribution volume, p 2 the elimination constant (clearance divided by volume of distribution) and p 3 the apparent first order absorption rate.
Usually it is assumed that the eg are realisations of independent, normally distributed random variables with mean 0 and variance σ*. With this assumption the q are -for fixed parameter values pi, ... p nrealisations of independent, normally distributed random variables with mean c*(tij p,,... p n ) and variance cl; so the likelihood is:
(2Π)ϊ (Eq. 5) For prediction purposes one can assume that the parameters as well as the residual variance depend on further parameters or patient characteristics like sex, age or state of illness; but for the moment we neglect these dependencies.
It seems reasonable to assume as prior distribution of the parameters PJ a multivariate normal distribution with some assumed mean vector: t,... Pi) (Eq. 6) and covariance matrix s p . If, in a first attempt, the parameters are assumed as independent (which is not a feasible assumption) the covariance matrix reduces to a diagonal matrix with the variances Gp. as diagonal elements, and the a priori distribution is simply:
(Eq.7) (2Π)3
Both assumptions lead -according to Bayes formula -to the a posteriori distribution density whose logarithm is proportional to:
(c, -c*(tj; p,, . .. p n )) 2 (Eq.8)
It should be remarked that this a posteriori distribution is not a normal distribution and the parameters PJ are a posteriori dependent, in spite of the a priori independence assumption.
The detailed derivation of this algorithm and its application in the drug dosing program has recently been described (8) . where c«> denotes the serum steady-state drug concentration at time t during a dosing interval τ, F is the fraction of the administered dose D m , which is absorbed, V d is the distribution volume, while K c and k a are the elimination rate constant and the absorption rate constant, respectively.
For calculation of the theophylline clearance (1 · h" 1 ) and distribution volume (1) of the hospitalized patients the lean body weight (30) was used. p -m m 100 (Eq. 10) where p is the predicted value and m the measured value.
